ABSTRACT The effects of chronic respiratory failure (hypoxia and hypercapnia) on the contractile properties of cardiac muscle are not established. A study was performed of the isometric contractile properties of isolated papillary muscle removed from rats exposed in a normobaric environmental chamber to 28 days of hypoxia (fractional inspired oxygen (FIO2) 10%, fractional inspired carbon dioxide (FICo2) < 1 ), hypercapnia (Fio2 21 %, FiCO2 5%), and hypoxia with hypercapnia (Fio2 10%, FiCO2 5%). Rats exposed to both hypoxia and hypoxia with hypercapnia developed selective right ventricular hypertrophy. Exposure to hypercapnia alone did not alter right ventricular weight. No change in right ventricular papillary muscle contractility per unit muscle mass was observed as measured by maximum active tension, maximum rate ofrise or fall oftension, or time to peak tension. Rat cardiac muscle adapts successfully to the altered acid-base environment and increased work load associated with prolonged exposure to hypoxia and mild hypercapnia.
Introduction Methods
The functional state of the right ventricle in patients with chronic bronchitis and emphysema is controversial, with evidence for both normal and reduced contractility.' Information about the contractile performance of the right ventricle is important in view of the suggestion that pulmonary vasodilators may benefit patients with chronic respiratory failure6 by lowering pulmonary artery pressure when contractile function is compromised. Experimentally cardiac muscle dysfunction often occurs before the onset of pump failure,' but the direct study ofcardiac muscle function in patients with chronic bronchitis is impossible. The cardiopulmonary circulation of the rat is similar to that of man89 and its response to hypoxia resembles that in man. We have used the laboratory rat to study the effects of exposure to prolonged hypoxia, hypercapnia, and hypoxia with hypercapnia on cardiac muscle function.
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A normobaric environmental chamber was constructed in which rats could be maintained in a hypoxic and hypercapnic environment.'" The inspired fractions of oxygen (FIo2) and carbon dioxide (FiCO2) were measured continuously and kept at preset levels by feedback circuits. HEART WEIGHTS The great vessels, atria, and atrioventricular valves were dissected from the ventricles. The free wall of the right ventricle was separated by dissection at the line of reflection between the right ventricle and the interventricular septum. The left ventricular cavity was opened and blood clots removed by washing. The free wall and left ventricle were blotted dry by a standard technique and weighed. Ventricular weights were expressed as milligrams of muscle per gram of body weight.
MUSCLE WEIGHTS
At the end of the experiment muscle length was measured by a calibrated Vernier eye piece. The muscle was taken from the bath (muscle beyond the silk ties being removed), blotted dry, and weighed (Sartorius balance type 1712). Muscle cross sectional area was calculated on the assumption that the muscle was a uniform cylinder of specific gravity I 00.
PAPILLARY MUSCLE OXYGENATION
We performed our experiments at physiological temperatures and a stimulation rate of 60 beats/min. The oxygenation of superfused papillary muscle depends on diffusion and might become inadequate as muscle cross sectional area increases," leading to artefactual loss of contractility. We tested the viability of the muscles ofthe right ventricle under these conditions by exposing the muscle to a step reduction in the oxygen tension (Po2) of the superfusate." Right ventricular papillary muscles from six normoxic controls (weight 400-450 g; mean (SEM) cross sectional area 0-55 (0-07) mm2), similar to the largest muscles used in the study (table 2) , were mounted in the organ bath under the conditions described above and Tmax was recorded. By being superfused with a second, identical circuit bubbled with a gas mixture of 80% oxygen, 5% carbon dioxide, and 15% nitrogen the muscle was subjected to a step reduction in Po2 for 10 minutes and active tension recorded. The change in tension was expressed as a percentage of the tension achieved with 95% oxygen and 5% carbon dioxide.
CALCULATIONS AND STATISTICAL ANALYSIS
Rat right ventricle muscle is not uniform in shape and we have expressed mechanical properties in terms of unit muscle weight.'2 Mechanical properties were compared by means of the unpaired Student's t test. Tensions after changes in muscle oxygenation were compared by using paired t tests. Values of p < 0-05 were taken as significant.
Results

BLOOD GAS TENSIONS
Satisfactory arterial samples were obtained from seven controls, nine hypoxic, six hypercapnic, and eight hypoxic-hypercapnic animals. In the remainder displacement ofthe cannula or occlusion occurred before sampling. The hypoxic group was hypocapnic and alkalotic, whereas both the hypercapnic groups had a mild respiratory acidosis ( very rapid and substantial changes in the morphology of the right ventricle and may lead to the death of an appreciable number of myocardial cells'9 so that, not surprisingly, the muscle function of the right ventricle is often compromised. Spann'" has reviewed the factors governing the contractile function of hypertrophied muscle and concluded that the degree of hypertrophy is of major importance. In the rat exposure to chronic hypoxia produces only moderate hypertrophy of the right ventricle and does not result in the gross hypertrophy seen with pulmonary artery banding. The degree of right ventricular hypertrophy observed in our rats is similar to that reported in patients with chronic bronchitis and emphysema.2' We conclude that exposure to chronic hypoxia results in only a moderate degree of right ventricular hypertrophy, which is unlikely to depress cardiac function.
Exposure to chronic hypercapnia might also be expected to depress cardiac function. An acute rise in ambient carbon dioxide tension reduces extracellular pH (pHe) and rapidly reduces intracellular pH (pHi).
The rise in [HW]i depresses cardiac contractility.'2 We have measured contractility in vitro at a standard pHe of7 40. In vivo cardiac muscle from the rats exposed to chronic hypercapnia was functioning in a more acidotic environment (pHe 7 33) and this could result in depressed contractility. We have previously shown that right ventricular muscle from rats exposed to chronic hypercapnia has an improved resistance to respiratory acidosis. 22 We have used these data to calculate the expected loss of contractility resulting from a change in pHe from 7 40 to 7-33 and found only a small fall in Tmax of 11%. The value of Tmax corrected for the in vivo respiratory acidosis of the hypercapnic group is 8-7 kN/kg and is not significantly different from that of the control muscles (8-9 kN/kg). The contractility of right ventricular papillary muscle from rats exposed to chronic hypercapnia is unlikely to be reduced even under in vivo acid-base conditions.
There has been little work on the mechanical properties of cardiac muscle exposed to chronic hypoxia and hypercapnia. Kentera et al3 maintained rats in an environment of 10% oxygen and 5% carbon dioxide for 28 days and studied the isometric proper-ties of right ventricular muscle. Arterial blood gas tensions were not recorded and no groups exposed to pure hypoxia or hypercapnia were studied. Isometric properties were recorded under less physiological conditions than in the present study. Despite these differences they also found no 
